




DEPARTMENT OF THE INTERIOR 
BUREAU O F  RECLAMATION 

Branch  of Design and Construction Laboratory Report  No. Hyd-283 
Resea rch  and Geology Division Hydraulic Laboratory 
Denver,  Colorado + Compiled by: E. J. Rusho 
December  27, 1950 Reviewed by: A. J .  Pe te rka  

Subject: Hydraulic model s tudies  of the outlet works--Boysen Dam--  
Missou,ri River  Basin P ro jec t  

SUMMARY 

T h e  model studies presented in this  report  were  made to  develop 
a low cost  stilling basin f o r  t h e  Boysen Dam outlet works which would give 
sa t i s fac tory  performance for a l l  d i scharges .  The basin was designed to 
provide energy dissipation with ei ther  one o r  two of the  48-inch hollow- 
jet valves  operating. Maximum flow f o r  one valve was 660 second-feet and 
1, 320 second-feet f o r  two valves  with a total head of 103.25 feet .  The  
model was built t o  a scale  of 1 : 16, F igu re  5. Start ing with a conventional 
hydraulic - jump-type stilling basin,  t e s t s  were  made on different designs 
until a basin was developed which gave sat isfactory energy dissipation for  
a l l  operat ing conditions'. The  recommended basin did not employ a t rue  
hydraulic jump for  the stilling action. 

T e s t s  on the prel iminary design which used the hydraulic jump 
a s  a n  energy dissipator*, Figure 6, showed that the st i l l ing basin was too 
shor t  to  contain the jump with ei ther  one o r  two valves  operating a t  maxi- 
m u m  discharge.  Even though the valves  were  tilted downward 1 5 O  in this 
design,  the water  su r face  in the  r i v e r  channel was rough with high surface 
velcci t ies ,  Figure 7. Excessive e ros ion  of the model movable bed a l so  
indicated the st i l l ing action was  not sat isfactory.  

A second s e r i e s  of t e s t s  was made using deflector hoods, which 
consisted of curved plates,  placed to deflect the flow downward onto the 
floor of the stilling basin. Five hood designs were tes ted  varying in 
curva ture  and length, Figures  8 and 11. Except for  the center  dividing 
wall, they were s imi l a r  to the one used o n  the Enders  Dam outlet works, 
under investigation a t  the t ime of the Boysen studies,  and reported in 
Hydraulic Laboratory Report No. Hyd-252. The def lectors  had the effect 
of increas ing  the ver t ica l  angle of tilt of the valves  beyond 15O. The  t e s t s  
showed that var ia t ions in deflector curvature  o r  length had only a minor 
effect on the basin per formance .  Scour was  not se r ious ,  but sur face  veloc- 
i t i es  in the r i v e r  channel were high, and undesirable wave action occurred.  
The optimum per formance  of the  stilling basin using def lectors  was  con- 
s idered  only f a i r ,  probably because ref inements  in the var ious  a r r ange -  
ments  were  not fully investigated. The  presence  of a center  dividing wall 
in t h e  Roysen outlet works a l so  adversely affected the performance of the 
basin.  



valves were tilted downward at an angle of 24O to direct the jets under the 
water surface. The action in the basin was similar to that obtained when 
using the deflectors until converging walls were added to the upstream end 
of the stilling basin as shown in Figure 14. The walls compressed the 
hollow jet between them and induced small-grain turbulence throughout the 
entire basin volume. The small-grain turbulence, contrasted with the often 
observed lasge-grain turbulence or roller action type of energy dissipation, 
resulted in excellent energy dissipation and very good velocity distribution 
at the downstream end of the basin. Flow in the river channel was smooth 
and scour was slight. Operation was satisfactory for all conditions with 
the performance improving with a decrease from maximum head or  dis- 
charge. From the appearance of the flow through the glass side of the 
model stilling basin, it was concluded that the stilling action was not that 
of a true hydraulic jump, so the term modified hydraulic jump i s  used to 
describe tile action in the basin. 

INTRODUCTION 

Roysen Dam i s  located on the Big Horn River in central Wyoming, 
16 miles south of the town of Thermopolis, Figure 1. It will serve the 
multiple purpose of flood control, irrigation storage, and power develop- 
ment. The dam of compacted earth fill i s  1, 100 feet long at the crest and 
r i s e s  150 feet above the bed of the river, Figure 2. An open channel 
spillu-?y is  located at the right abutment, Figures 2 and 3, for the purpose 
of passitlg flood discharges. Control of the spillway is  provided by two 
30- by 25-foot radial gates. 

The powerhouse on the right bank downstream from the dam 
contains two 7,500-kva generator and turbine units. Because of the econ- 
omy of combining structures, the outlet works .is located in the powerhouse, 
Figure 4. It consists of two 48-inch hollow-jet valves which discharge into 
a concrete stilling basin located adjacent to the turbine draft. tubes. The 
stilling basin is divided into two sections, one for each valve, by a wall 
which extends from the valves to the end of the basin and which also serves 
a s  a support for  the powerhouse. Water is supplied to one valve by a 57-inch 
pressure conduit which is a branch from one of the penstocks. " The other 
valve is connected by a 66-inch line to the reservoir directly. 

The function of the outlet works stilling basin is t o  dissipate 
the energy contained in the high-velocity jets leaving the valves and thus 
prevent undermining of the structure and destruction of the r iver channel 
downstream from the dam. The purpose of the model studies was to develop 
a moderate cost stilling basin that would provide this energy dissipation. 
Design of the basin was restricted by considerations lof economy and 
adaptation to local conditions. 
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THE 1 :16 SCALE MODEL 

The model of the outlet works was built to a scale of 1:16; 
Figure 5. By using this scale, 3-inch hollow-jet valves, which were in 
stock in the laboratory, could be used to represent the 48-inch valves 
of the prototype. The reservoir upstream from the dam was represented 
in the model by a 3- by 3-foot metal-lined wooden head box 10 feet high 
with the top open to the atmosphere. Each model valve was connected 
to the head box by a section of 3-inch pipe. An 8-inch pipe leacling 
from the laboratory pumps supplied water to the head box. A rock 
baffle in the head box served 'to smooth out the flow of water before it 
entered the 3 -inch conduits. 

Other features reproduced in the model were the stilling basin 
and a section of the river channel 150 feet long (prototype) downstream 
from the bagin. These were built inside a wooden tail box lined with 
sheet metal. In the construction of the stilling basin, the sides of the 
tail box served a s  the basin training walls. Concrete was used for the 
basin floor and the center dividing wall was made of wood. The river 
channel was molded in sand of which all passed a No. 8 sieve and 90 
percent was retained on a No. 50 sieve. 

Model discharges were measured by Venturi and orifice meters 
in the supply lines. Water-surface elevations in the head box were 
determined visually f rom a scale on an open-water manometer. Tail-water 
elevations were measured with a point gage located in the tail box down- 
s t ream from the stilling basin. After tests  on the preliminary design, the 
tail box was rebuilt and a glass panel was installed in the side of the box 
which formed the right training wall of the stilling basin. 

THE INVESTIGATION 

Test procedure consisted of evaluating the effectiveness of the 
various basins from the operation of the model with both one and two valves 
open at various discharges up to 660 second-feet through each valve giving 
a total flow of 1,320 second-feet. For this discharge, the reservoir was 
a t  elevation 4725 and the tail water was at elevation 4616, as shown by the 
tail-water curve in Figure 3. Since the efficiency of each basin was 
reflected in the wave heights and erosion depths which occurred a t  the end 
of the basin, these were recorded and used to determineithe relative value 
of each basin tested. Appearance of the flow a s  seen through the glass 
panel was also used to help evaluate the basin performance. In  addition to 
records of wave heights, discharge, and similar data, photographs were 
taken of the basin in operation and the scour resulting from running the 
model for 1 hour at maximum discharge. 

When operating the model, the proper jet velocity and consequent 
head on the valve for any discharge w a s  obtained by using a valve opening 
that would produce a pressure head one diameter upstream from the,hollow- 
jet valves corresponding to that calculated for .the prototype. This was 
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valve was a minimum having no relationship to the prototype length. 
Consequently, the water -sur face  elevation in the head box did not 
represent  the prototype reservoir.  elevation to scale .  

T e s t s  on Stilling Basin 

Study No. 1, prel iminary design. The  prel iminary stilling 
basin,  F igure  6 ,  had the valves  til-wnward 15O to shorten the jet 
t ra jec tory  and to d i rec t  the jets under the tail-water sur face .  The 
upstream end of the basin f loor  c-onformed to  the jet t ra jec tory  and 
the remaining downstream section was horizontal t o  provide for the 
formation of an hydraulic jump. Operqation of the righl valve a t  660 
second-feet and of both valves  at a total of 1 ,  320 second-feet i s  shown 
in F igu res  7 ,  A and B, respectively.  The jump ocScurred on the hori-  
zontal  f loor of the  basin,  but the  turbulence exter~ded downstream into 
the r i v e r  channel indicating the  basin was  sho r t .  In the r i v e r  channel, 
s t rong  sur face  velocit ies occur red  along :with a rough water  surface due 
to  the surging action of the jump. -Scour ,  though not recorded,  was 
sufficiently deep to be considered unsat isfactory.  Satisfactory opera-  
tion could probably have been obtained by lengthening the  basin, but such 
a solution was  considered too costly, and it would a l so  requi re  building 
the basin a c r o s s  a fault. A more  des i rab le  method w a s  to  increase  the 
effectiveness of the existing basin,  

Study No. 2,  deflector studies.  It was decided in the second 
s e r i e s  of t e s t s  to  investigate the u s e  of deflec-lor hoods in an  effor t  t o  
fur ther  shorten the jet t ra jectory,  thus allowing use of more  of the over -  
a l l  length of the basin for dissipating energy. The deflec-tor hoods con- 
s i s ted  of inclined p la tes ,  e i ther  straight o r  c-urved, placed in the path of 
the jet to deflect it downward a s  i l  entered the basin. Th i s  shortened the* 
horizontal  length of the trajec.tory by 30 fee l .  s o  the st i l l ing basir~ was 
modified by using a s teeper  slope at the upstream end of the basin and a 
longer horizontal floorv a s  shown i n  Figure 8. 'I'he center  wall was nec-  
e s s a r y  i n  the prel iminary bas in  to obtair.1 a salisfacetory jump with one 
valve operating. *fiith the deflec-tors in  tlse, it was believed the full- 
length wall wauld not be necessary  a s  In the  hydraulic. jump basin; con- 
sequently,  it was reduced in length by 7 4 . 4  fee t  which allowed the wall to  
extend just beyond the d e f l e c t o r s .  A g las s  panel was installed in the 
right s ide  wall of the basin to  observe  flow under- the def le r lor  hoods. 

IJsing th i s  st i l l ing basin. the three  deflec.tor hoods, Nos. 1. 
2, and 3 ,  shown in F igure  8, were  tes ted.  F o r  each deflector,  the model 
was operated with one valve discharging GGO second-feet and with both 
valves  discharging a total of 1.320 second-feet.  Flow in the basin a s  



arlce of the-water-surface in the stilling b a s h  and r iver  channel for  - 
Deflecstor iloods Nos. 1 ,  2, and 3 is shown in Figures 10A, B, and C. In 
all tests ,  operation was improved over that for the preliminary design 
since with a longer usable basin the turbulence was confined to the 
stilling basin arid wave heights were reduced in the r iver  channel. The 
concave deflec.tors, Nos. 2 and 3 ,  gave better resul ts  than the convex 
deflector, No. 1 ,  since the jets were deflected downward at  a steeper 
angle with better dispersion of the jet. Piezometers  were installed in 
one hay along the renterline of Deflector No. 2 .  The p ressures  recorded 
for the rnaxinjum discharge a r e  shown in Figure 8B. A l l  pressures  were . 
above atmospheric* with the maximum value of 17 feet of water occurring 
H I  Piezomcter No. 3 .  

'The results of tests with ~1eflec.tor Iiood No. 3 indicated the 
length of rl?e basin to he adequate. While energy dissipation i n  the 
hasiri was good, there w a s  a ve1oc:ity c.onc.entration at the water surface 
a s  the flow left the stilling basin. Waves in the downstream channel 
were about 1-1!2 feet high.  From observations through the glass  wall, 
it was seen that the surface velocity c.onclentration at  the downstream 
end of the basin was a ceontinuation of the high-velocity c-urrent emerging 
from under the deflec'tc~r. The vurrenl did not disperse throughout the 
basir~ but caused a boil and a c-onc.entration of velocity on the water 
surface. 

'fhe jets from the valves entrained a considerable quantity of 
a i r  which it is believed I-educned the density of the high-velocity water, 
causing it to r i se  ral>idly to t h e  su r fa~ .e ,  Raffle piers  placed on the  floor 
downstream f rom the cleflec.tors to break up the jets did not improve the 
flow distribution but only Iielped to direc.1 the jets upward increasing the 
boil at the water. sut-facae. 

T h e  stilling basil: was modlfied for  Deflector Hoods Nos. 4 and 5,  
I I I .  It was believed ihat grea ter  basin depth would help to dis- 
oerse tile valve jets a:lcl rrduc-e the high-velocity surface current.  To 
obta in  t h i s  increase i t \  drpth, the s ides of the model, the valve structure,  
and the clownstream lol,ogra(~l~y were raised and a larger  glass  panel 
installed for t h e  right 11-alrring wall. A slopirzg floor connected the 
hor-izoi~tal aj)ron with the r-lver bottom. The center dividing wall was 
Iengthenecl to that of the i~rt! l in~lnary design because the design section 
decided t h i s  length w a s  nec.essary for support of the powerhouse. The 
basin anti I>cfler,lor N o .  4 a r e  shown in Figure 11A. 

StilJitlg basin performance using Deflector No.  4 with two 
valves dlschargitlg a total of 1 ,320  second-feet i s  shown in Figure 12A 
and Figure 13A.  Action was  similar  to that obtained with Deflectors 
Nos. 2 and 3 as a csonc.entration of flow and a boil resulted in high 



velocity flow at the water surface downstream from the deflector 
Figure 1 2 A  shows the upward flow of a i r  and water in the stilling basin. 
F ? c J w ~ v ~ ~  it was believed the greater  basin depth used with Deflector 
No. 4 showed an improvement in vertical distribution of the velocity at  
t he  downstream end of the basin; so  it was decided to make a test  with 
a. s t i l l  greater  depth. 

For  Deflector Hood No. 5, Figure 11B, the basin depth was 
increac#d an additional 16 feet, and the length of the deflec'tor was 
also increased to bring it to within 10 feet of the floor. Figure 12B and 
Figure 13B show the operation of the stilling basin with a total flow of 
1 , 3 2 0  second-feet f rom the two valves The upward flow downstream 
f rom the deflector was even more pronounced than with Deflector No. 4 
due to the step in the floor. There was no appreciable change in the 
surface  velocity or  the waves in the r iver  channel f rom Deflector Hood 
No. 4.  In all of the studies using deflectors, sufficient energy dissipa- 
tion was obtained, but the vertical velocity distribution of the flow 
leaving the basin was not satisfactory. Surface velocities were high 
with correspondingly low bottom velocities. 

.4t this time in the investigation the designers  found that it 
wr~uld be poss'ble to tilt the valves downward a s  much a s  240. With this 
tilt there was less  need for  a jet deflector and it was decided to con- 
tinue the stilling basin tes ts  using other means to obtain better 
performance. 

Study No. 3, Basin No. 3. T h e  next t e s t s  were made with the 
st ' l l ing basin floor raised, the deflector removed, and the basin modi- 
fied a s  shown in Figure 14. The downward tilt of the valves was increased 
to an angle of 2 4 O  to direct the jet under the water surface in the stilling * 

batsin. The lowest Floor section at elevation 4596 was 1 foot above the 
preliminary design since previous tests  indicated this depth was sufficient 
to contain the action in the basin. The full-length center wall was also 

With both valves disc-harging s total of 1, 320 second-feet, the 
perforrnan(.e as  seen through the glass panel i s  shown in Figure 15A 
and a s  seen from the surface is shown ir7 Figure 15B. The flow had a 
4 harac:teristic surging action which prcduced a rough water surface in 
the r iver  channel, but the turbulence extended throughout a grea ter  basin 
volume, Figure 15A, than occurred in any of the tes ts  using deflectors.  
Sut-face velor.ity was stil l  higher than desired a t  the downstream end of 
the stilling basin, but the action was fully contained in the basin indicating 
that the  general arrangement and over-all length of the basin were 



i s  shown in Figure 16.   tea test depth of &*our wa.-, about 112 foot lowcDr 
than the elevation of the basin floor, Figure 16,  and oclcurred at  thc end' 
of the paved f loor .  In the photograph, the wide band of sand washed off 
the slope in right foreground i s  evidence of the action of the waves having 
a height of 2 feet which oc.(*urred in the r ive r  cnnnnel. Sinre  !;111*facc 
velocit ies and waves were  s t i l l  objectionable, i t  was decided to investi- 
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gate the use of baffle p i e r s  or  chute bloctks a s  an aia  to irnpro1,ring thc* 
sti l l ing basin performanr-e.  

Experiments  with var ious s i z e s  and arrangement.; of baffle 
p i e r s  did not improve the st i l l ing action, but made i t  worse be(-ause 
these devices directed the flow to the su r face  which resulted In even 
g rea t e r  concentration of flow at the water sur face .  Examination of the 
operation without baffles,  F igure  1 5 A ,  however, showed a real  need fol- 
decreasing the concentration of flow near  the  surfacle and inc re ;~s ing  
the flow along the floor.. 

T o  improve the basin performance,  a verti('a1 wall \vas installed 
at  the downstream end of the basin, Figure 14.  'This wall bloc.l;ed off t h e  
upper 6 feet  of water sutafac.e giving the effect of n gate operating with 
submerged flow. Performanc.e within the s t i l l ~ n g  basin was :-1nc.hanged. 
but the flow leaving the basin was smooth and well distr.ibuted. While  
the resu l t s  were  satisfac'tory for n partic.ularS discharge,  s u c h  a wall 
was undesirable becsause the variation irr tail -water  elevation for other  
discharges would va ry  the subrnergenc*~ of the \vall and t h u s  c\flangc i t s  
effect~veness. 

Study NO. 4 ,  recolnrntndcd design. 'rests made with various 
a r rangements  of chute bloceks indicated that improvement In operation 
occur~ .ed  with a b1oc.k against eat-h wall a t  the toe of the slo11e of the 
basin in Figure 1 7 .  The  jet f lowing  betweell the blocks was directed 
along the floor but the tops of thv blocSks h e r e  horizontal and some water 
was deflected along the to]) surfacbes. 33, increasing the height o f  the 
blocks until they were above the water sur face ,  this flow was eliminated 
and bet ter  performance was obtained. Sinrse the scliiare c.0rner.s at the 
upstream end of the b1oc.k~ obstruc-ted flow f rom the valves ,  they were 
tapered into the wall giving a wedge shape to the bloc-ks in plan v i e w .  
With this design, very good per formance  w a ?  obtained. but fur ther  sttidy 
was made on the width of opening ljetween the blovks .  or* more  appro-  
pr ia te ly  now, c80nversging walls. Variation 11.1 the opening at 'the down- 
s t r e a m  end of the walls gave best r e su l t s  with a width of (; feet .  It was 
a l so  discovered that s t i l l  better performatlt-e resulted when the down- 
s t r e a m  ends of the walls were  moved a distu11c.e of (i feet upstream from 
the toe of the chute. T h e  improvement result ing f rom the use  of the 
walls i s  readily shown by (*omparing Figure 15A with Figure 18A and 
a lso  Figure 15B with Figure 19A.  Figure* 1H shows operation of the 
recommended basin with one valve open. and F igure  19 shows ol,c.r-at ion 



Performance was equally good with either one o r  two valves opel%ting. 
Maximum wave heights were 112 foot in the r iver  channel with this 
arrangement.  The stilling basin was effective for all discharges from 
the valves. A plausible explan~ition for the striking improvement resul t-  
ing with the converging walls installed is that the jet was protected from 
being torn apart  by induced side eddies and compressed into a smal ler  
a r e a  giving it more penetrating power. The jet thus continued along the 
floor a greater  distance and fine-grain turbulence was developed, giving 
a uniform velocity distribution in the basin with a flat water surface 
having very  little wave action. Operation a t  maximum flow was 
acceptable even after  lowering the tail  water 5 feet below nojrmal. 

faressures on the sloping and horizontal floors of the stilling 
basin were all above atmospheric, Figure 17. Values shawn in the table 
were measured above the piezometer openings. P r e s s u r e s s  on the down- 
s t r e am end of the converging walls were also above atrrrospheric indi- 
cating that the abrupt increase in width, a t  this point, did not cause low 
pressures .  F o r  the discharge of 1 ,320  second-feet, velocity measure- 
ments were made at the downstream end of the stilling basin. Velocity 
contours a r e  shown in Figure 20. They show the velocity increasing 
toward the surface, which is a desirable distribution, since lower 
bottom velocities will cause l e s s  erosion At the same time, the 
surface velocity is not high enough to cause harmful currents .  

Scour was recorded after l-hour operation at  a total discharge 
of 1,320 second-feet without an end sill ,  ,Figure 21A, and with an end 
sill ,  Figure 21B. In both tests ,  erosion was mild and the action was 
considered satisfactory. As shown by the photographs, the depth of 
scour was l e ss  with the end si l l  in place and the streambed did not have 
the rippled surface which occurred when the end sill was not used. F rom 
these resul ts ,  the end sill with a height of 1 foot was recommended for 
use in the prototype. Scour was l e s s  with the operation of one valve than 
occurred with both valves operating. Action-of the waves which were 
112 foot high was minor a s  shown by the appearance of the flow in 
Figures 18B and 19. 
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A. One valve, discharge 660-sec. ft. B.  Both valves, discharge 1320 sec. -ft.  
Tailwater elev, 46 16 Tailwater elev. 46 16 

STUDY NO. 1 - ORIGINAL DESIGN 

1 : 16  MODEL BOYSEN OUTLETS 





FIGURE 9 

A. Deflector No. 1 

B. Deflector No. 2 

C .  Deflector No. 3 

660 sec. -It. from each valve 

STUDY NO. 2 - DEFLECTOR TESTS 

1 : 16 MODEL BOYSEN OUTLETS 



FIGURE 10 





B.  Deflector No. 5 

660 s e e .  -ft. from each valve 

STUDY NO. 2 - DEFLECTOR TESTS 

1 : 16 MODEL BOYSEN OUTLETS 

FIGURE 12 

A .  Deflector No. 4 







FIGURE 15 



FIGURE 

Scour after 1 hr. discharge from both valves 
of 1320 sec. -ft. tailwater elevation 4616 

STUDY NO. 3 

1 : 16 MODEL BOYSEN OUTLETS 





FIGURE 18 

A .  Two valves discharging 1320 sec. -It. 

B . One valve discharifing 660 sec. -ft. 

Tailwater elevati~n 46 16 

STUDY NO. 4 - RECOMMENDED DESIGN 

1:16 m D E L  BOYSEN O o U T m  



A. Both valves fully open, discharge 
1320 second-feet. Tailwater elevation 46 16 

B. Both valves  50 percent open, discharge 
660 second-feet . Tailwater elevation 46 16 

STUDY NO. 4 - RECOMMENDED DESIGN 

1 : 16 MODEL BOYSEN OUTLETS 

FIGURE 19 





A. Without end sill 

B. With 1 foot end siU 
Scour after 1 hr . discharge from. both valves ol 

1320 sec. -ft. tailwater elevation 4616 

STUDY NO. 4 - RECOMMENDED DESIGN 



A. Without end sill 

B. With 1 foot end sill 
Scour after 1 hr. discharge from. both valves of 

1320 sec. oft. tailwater elevation 4616 

STUDY NO. 4 - RECOMMENDED DESIGN 

1 : 16 MODEL BOYSEN OUTLETS 


